), have been studied for allelic variation at 13 enzyme loci. The total genetic diversity results mainly from the within-population component whereas a part of the between-population component can be explained by the geographical origins of the populations. Relationships between accessions have been studied using cluster and multivariate analyses such as principal component and discriminant analyses. Finally, the frequency and distribution of the most discriminating allele have been represented on geographic maps. The results indicate that Corsican populations are similar to Italian accessions whereas both French and Sardinian populations differ from all the others. The origins and relationships between each geographical group of accessions are discussed and, taking historical factors into account, we can suggest that Corsican populations have been introduced from Italy to the eastern side of the island.
Introduction
Perennial ryegrass (Lolium perenne L.) is one of the most important forage grasses used in Northern Europe. It is a self-incompatible, outbreeding species.
Its geographical origins are probably located in the Mediterranean area (Malik, 1967; Borill, 1976) where we can find all eight species of the genus Lolium as described by Terrell (1968) . Presently, in this part of the world, wild populations of perennial ryegrass can be collected throughout the South of France (Charmet etal., 1990) , Italy (Tyler & Chorlton, 1978; Falcinelli et a!., 1987) , Corsica (Volaire eta!., 1990) and to a lesser extent in Northern Sardinia (Bullitta, personal communication) .
In a recent paper, Balfourier & Charmet (1991) proved useful in determining the origin of natural populations (Hamrick et at., 1979) . We then try to explain the observed geographical pattern of the genetic variability, taking into account the history of the region.
Materials and methods

Plant materials
Twenty-four wild populations of perennial ryegrass were chosen in the Mediterranean area at sites ranging from latitude 40° to 46° North and longitude 4° to 16°W est. Figure 1 shows their geographical location: eight populations were sampled in Corsica and, to determine their region of origin, a further 16 populations were sampled from the surrounding regions. Of these 16 populations, four were from North Sardinia, eight from Italy and four from the French Riviera. Populations were chosen so as to represent the maximum of the agronomic and geographical diversity as reported in a previous paper (Balfourier & Charmet, 1991) .
Each population was collected as seed from at least 50 plants taken from an ecologically homogeneous area of 100-1000 m2. These conditions are thought to yield a sample of seeds representative of the original panmictic populations (Tyler et al., 1984) . Table 1 gives the origin and the accession number of the 24 populations.
Isozyme electrophoresis
From each accession, approximately 75 plants were studied using isozyme electrophoresis techniques according to Hayward & Mc Adam (1977 ), Ostergaard eta!. (1985 , Pollans & Allard (1985) and Greneche et a!. (1991) . Slices of two starch gels and two different buffer systems were used and permitted the study of 11 enzyme systems, giving 13 readable loci. Histidine/ citrate buffer was used for acid phosphatase (ACP, E.C. 3.1.3.2), isocitrate dehydrogenase (IDH, E.C. Tris-citrate/lithium-borate buffer was used for diaphorase (DIA, E.C. 1.6.4.3), glutamate-oxaloacetate-transaminase (GOT, E.C. 2.6.1.1), peroxidase (PRX, E.C. 1.11.1.7) and superoxide-dismutase (SOD, E.C. 1.15.1.1). Allele nomenclature is that of Hayward & McAdam (1977) , the most anodally migrating one being arbitrarily termed 'a', the next 'b' and so on. multivariate analyses and geographical maps were obtained using the 'S' programing environment (Becker etal., 1988) .
Results
Genetic diversity
When a new allele was discovered, it became a b , c,...
Data analysis
Allelic frequencies were determined by direct allele counting. Data of individual genotypes were stored in an ORACLE-developed database (Ravel et at., 1992) and standard statistics for characterizing genetic variability were computed for all accessions using the ifiOSYS 1 program (Swofford & Selander, 1981) . The betweenpopulation component F, (Wright, 1965) was decomposed through a hierarchical F analysis (Wright, 1978) by introducing a between cluster index and a within cluster index, the factor x of classification being the region of origin of the populations.
Cluster analysis was computed on genetic similarity coefficients (Rogers, 1972) using the unweighted pairgroup method with arithmetic averaging (UPGMA). Multivariate relationships among accessions were revealed with principal component analysis (PCA) using a variance covariance matrix derived from allelic frequencies (Sneath & Sokal, 1973) . However, to avoid colinearity problems, only one allele per polymorphic locus was used for multivariate analysis. Finally, a factorial discriminant analysis (Tomassone et at., 1988) was carried out to discriminate populations according to their geographical origin. Graphic representations of Data for individual populations are not presented here but are available on request. Table 2 summarizes genetic statistics on populations grouped according to the different regions and on the populations in total: proportion of polymorphic loci (F), mean number of alleles per locus (A ), average expected heterozygosity (H) and their range of variation (given in parentheses). Values for both proportion of polymorphic loci and the mean number of alleles per locus do not differ significantly between regions. Only the H value for Corsica is significantly higher compared with the overall mean. Table 3 shows Wright's fixation index on the 24 populations (Wright, 1965) species. The hierarchical decomposition of F,, according to the region, as factor of classification, shows that this factor succeeded in explaining an important part of F,, (about 25 per cent) by a between factor differentiation component.
With the exception of 6-PGD, all the systems are polymorphic and two systems show two readable loci: ACP 1-2 and GOT 2-3. A total of 47 alleles were found for these 13 loci, not including the unusual observation of putative null alleles. PGI and ACP systems reveal the most polymorphic loci, a result which is consistent with those published on the same species by Greneche et al. (1991) . The Fisher test values on geographical origin indicate that some loci (e.g. ACP-2, GOT-3) and some alleles of these loci (e.g. ACP-2_b, GOT-3 _b) are more discriminating between regions.
The 47 allelic frequencies were used to calculate cluster analysis, computed from genetic similarity coefficients (Rogers, 1972) of all 24 populations. From 0.76 this, the phenogram was drawn (Fig. 2) and three main clusters can be identified: the separation of Sardinian accessions and, to a lesser extent, French accessions is very clear whereas Corsican and Italian populations seem to be grouped together. However, in this last group, we can observe a separation of Italian accessions from Corsican accessions, with the exception of population no. C13 which occurs within the Italian group and no. C22 which is aside from both groups. In fact, these genetic similarities are quite related to geographical distances. Table 4 shows the matrix of similarity coefficients (Rogers, 1972) Table 4 Matrix of Rogers' similarity coefficient averaged by region of origin 
Geographical pattern of diversity
For each polymorphic locus, the allelic frequency having the highest F Fisher value (i.e. 12 allelic frequencies) was used in multivariate analyses. Accession no. C22, from the north-west coast, appears to be the nearest to the French populations. These results are very consistent with those presented on the phenogram (Fig. 2) .
Finally, Fig. 5 shows the result of a discriminant analysis; the plan defined by axis 1 and 2 accounts for 89.7 per cent of the total inertia. On this plan, the 24 populations are clearly divided into four distinct groups according to their region of origin. The correlation coefficient of the 12 allelic frequencies with the two first axes of the discriminant analysis indicates that, on the first axis, Sardinian and Italian accessions are mainly discriminated by ACP-1_c and DIA_b alleles whereas on axis 2, PRX_c and ACP-2_b alleles Fig. 4 Graph of the first two components of a principal component analysis, which account for 69.6 per cent of the total variance. Abbreviations used for accessions are listed in Table 1. separate Corsican from French accessions. As these two axes are not correlated, we can suppose that there is no linkage disequilibrium between the loci.
Discussion and conclusion
Genetic diversity
Genetic structures in natural populations of forage grasses have been already reported for Daclylis glomerata (Lumaret, 1984) , Festuca rubra (Livesey & Norrington-Davies, 1991) , Cynosurus cristatus (Ennos, 1985) and Arrhenaterum elatius (Ducousso et al., 1990 ).
For perennial ryegrass, results of isozyme surveys have been published for wild populations from Italy (Hayward, 1985; Arconi et al., 1988) and from Northern Spain (Oliveira & Charmet, 1989) . Our diversity indices, presented in Table 2 , are consistent with those reported by these authors. In fact, although the results do not differ significantly between populations (because only a small number of populations were sampled from France and Sardinia), Table 2 indicates that on average French populations show lower diversity indices than Corsican accessions. These results are consistent with those found by Charmet et al. (1993) , from a sample of 60 wild populations collected throughout France. This could be explained by the fact that the centre of origin of the genus Lolium is nearer to the Mediterranean regions of Corsica and Italy than to France.
We can hypothesize that perennial ryegrass was introduced from the continent into Corsica. The apparent lack of reduction in genetic diversity indices in the introduced populations (i.e. Corsican), compared with those of the continent, could be explained by the fact that Lolium perenne is an outbreeding species with high effective population size. As shown by Table 3 , most of the variation is contained within the population and even a small founding sample from a random population may carry a high proportion of the variation of the introduced species. This explanation has been checked on other outbreeding species, for instance Echium plantagineum, introduced from Europe to Australia (Burdon & Brown, 1986) , or Apera spicaventi, introduced from Europe to Canada (Warwick et al., 1987 (Caratini, 1981) , and finally, Corsica was transferred to France during the 18th century. The hypothesis of the introduction of perennial ryegrass from Italy to Corsica is reinforced by the phenogram (Fig. 2) Finally, Sardinian accessions appear very different from continental material (Table 4) Sardinian material also presents some rare alleles such as PGM-c or MDH-a According to recent results (Charmet & Balfourier, 1993) , we know that these alleles are more frequent in the other cross-pollinated species, Lolium multiflorum and Lolium rigidum. The presence of such rare alleles in Sardinia may result from introgression between these species and L. perenne (Terell, 1968) , hence providing an explanation of the diversity of the four populations studied here, compared with the others. In fact, the island of Sardinia is actually located at the border of the extension area of the three species and another cause of local differentiation could be a genetic drift due to the founding of new populations by a small number of founders (bottleneck effect).
The multivariate analyses support our hypothesis concerning the relationships between the different accessions according to their geographical origin. It is quite interesting to observe that it is possible to distinguish and discriminate so easily the geographical origin of such a small sample of wild populations of perennial ryegrass, using only 13 loci.
In this study, historical and geological occurrences are in agreement with the hypothesis of migration from the continent to the islands. It would be interesting to study the evolutionary process of the genus Loliurn at a larger geographical scale, again using such markers.
This survey is under investigation at present.
